The United Nations Framework Convention on Climate Change (UNFCCC) process agreed in Paris to limit global surface temperature rise to 'well below 2 • C above pre-industrial levels'. But what period is 'pre-industrial'? Somewhat remarkably, this is not defined within the UNFCCC's many agreements and protocols. Nor is it defined in the IPCC's Fifth Assessment Report (AR5) in the evaluation of when particular temperature levels might be reached because no robust definition of the period exists. Here we discuss the important factors to consider when defining a pre-industrial period, based on estimates of historical radiative forcings and the availability of climate observations.
We consider four radiative forcings (F f , with scalings α f ): greenhouse gases, other anthropogenic 170 effects (mainly aerosols, land use and ozone), solar, and volcanic activity. Annual means are used 171 everywhere. We also use an ENSO index (E, scaled by γ) as a 'forcing' to remove the effects of 172 the leading mode of interannual variability from the observations. This E index is defined as the 173 linearly detrended Nino3.4 anomaly from 1857 -2015 (Kaplan et al., 1998 and zero before 1857, 174 with a lag (τ) of 4 months to maximise the variance explained (i.e. the annual mean is a September to August average). A similar approach to fitting global temperatures was taken by Lean and Rind
We perform the analysis separately for five global temperature datasets to represent the uncer- uncertainties of around ±0.05 • C. Alternatively, the value of the regression constant (β ) is an 199 estimate of the temperature change from a state of zero forcing (in this case 1750) to 1986-2005. 200 For the five temperature datasets, β ranges from 0.69 − 0.82 • C (with uncertainties of ±0.02 • C), 201 which is around 0.06 • C larger than using the 1765-1800 average. This difference is consistent with 202 the small increase in greenhouse gas forcing and the relatively weak volcanic forcing after 1765.
203
Overall, these results suggest that pre-industrial was slightly cooler than the 1850-1900 period. ensemble members (Fig. 2b) .
231
In the GCM simulations, 1720-1800 is 0.00 − 0.06 • C cooler than 1850-1900 (using ensemble 232 means), which is slightly smaller than the result using Approach 1. However, the three GCMs 5 Note that the GISS E2-R simulations used a different aerosol forcing over the historical period than the CMIP5 historical simulations performed with the same GCM. The PMIP3 simulations warm by about 0.3K more than the CMIP5 simulations (not shown). 6 We also tested Approach 1 using the global temperatures from the PMIP simulations. This produced compatible values for the warming (0.45 ± 0.09, 1.09 ± 0.04 • and 0.90 ± 0.06 • C respectively), building confidence in that approach.
perature since pre-industrial using these simulations should consider scaling the responses to the 245 observations or using detection and attribution techniques on the range of simulations available 246 (Schurer et al., 2013; Otto-Bliesner et al., 2016) . In addition, the comparison with observations is 247 not necessarily like-with-like given sparse observations and different use of air or sea temperatures 248 (Cowtan et al., 2015; Richardson et al., 2016) .
249
However, an additional use for the LMEs is to examine uncertainty in the estimate of pre-250 industrial temperatures due to internal variability alone. This can be done by considering the 251 spread of estimated change using the ten CESM1 ensemble members (σ = 0.05K), which sug-252 gests an uncertainty of around ±0.1 • C. Note that this range is similar to the uncertainty ranges 253 from long instrumental records discussed below. The other ensembles are too small to reliably 254 estimate this range. We also use the CESM1 simulations to consider issues of differential seasonal 255 warming in the Appendix.
256
Approach 3: using long instrumental records 257
The above two approaches have considered the response to estimated radiative forcings. An 258 alternative approach to estimate GMST further back in time is to use direct observations from 259 long instrumental records and calibrate them against each of the five global mean temperature 260 datasets.
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For example, Central England Temperature (HadCET, Manley, 1974; Parker et al., 1992, here-262 after referred to as CET) is available for 1659-present. CET covers just 0.005% of the Earth's 263 surface but is highly correlated with GMST on multi-decadal timescales (Sutton et al., 2015) .
264
Here, we utilise this correlation and scale GMST to CET: 
